Aluminium alloy foams are created by injecting air into liquid alloys containing non-metallic particles. In addition to an alloy containing the usual SiC particles, other types of metal/particle composites are studied, which are created by in situ reactions in the melts: two fluoride salts react and form TiB 2 particles, and Ca addition or addition of CuO and SiO 2 gives rise to the formation of various oxides and spinel particles. Injecting air into the molten composites through two different steel cannulas leads to the formation of first bubbles and then foam. The entire process is monitored in situ by X-ray radioscopy. The goal is not only to understand how and what kind of particles stabilise gas injected foams better, but also to reduce the fraction of added particles, which could improve mechanical properties, solve recycling issues and reduce production costs. All the observed composites are shown to have the potential to be processed to metallic foam. Melts containing TiB 2 particles are found to perform as well as those containing SiC even at lower volume fractions. Oxidation of alloy melts promoted by Ca addition gives rise to melts that exhibit good foamability. Melts oxidised by CuO and SiO 2 addition show partial stability. Mg is found to be a required alloying element to create stable foams. Smaller bubbles can be produced using smaller injector needle openings. By reducing bubble size and using new variants of in situ generated particles, more stable foams can be achieved with a lower number density of stabilising particles.
Introduction
Aluminium foams are complex cellular materials, which can be engineered from dense metals or alloys in many ways [1] . Their unique properties are increasingly attracting attention and potential use as functional or structural light-weight materials is discussed. In particular, metal foams created from the liquid by directly injecting gas into a melt through an orifice and forming bubbles therein can be produced in a cost-efficient way [2] . Therefore, the cell size can be controlled by the gas flow rate, the orifice diameter and other parameters [3, 4] . However, only alloys containing ceramic particles, the so-called metal matrix composites (MMCs), can be used to create a stable foam [5, 6] . Usually, 10-20 vol% of SiC or Al 2 O 3 particles of particle sizes up to 15 lm are added to Al alloys such as AlSi9 Mg [7] [8] [9] . Such MMCs are rather expensive to produce, cause problems during secondary operations (e.g. cutting) and also deteriorate some of the mechanical properties of the foam due to the brittleness of the structure [10] . Moreover, the large amount of ceramic particles embedded in the matrix makes recycling of MMCs very difficult. It has been found that the smaller the particles are, the lower their required volume fraction [11] . Therefore, the problems associated with particle addition could be possibly avoided to a certain degree by stabilising foams with smaller particles. Unfortunately, there is a minimum in size at which particles can be easily suspended in a metallic melt due to their wetting behaviour, surface contaminations and other mixing issues.
In the present work, we study alternatives to foamstabilising SiC or Al 2 O 3 particles. Particles are no longer added but created directly in the melt by various methods and vary in size, morphology, wetting behaviour, etc. The intention is not only to expand our knowledge of particle stabilisation mechanisms but also to evaluate the possibilities for producing aluminium foams in which properties are not so much influenced by the stabilising particles. Our approach comprises TiB 2 particles created in situ via a flux-assisted synthesis route and particles generated by oxidising melt constituents by adding certain reactants. The aim is to overcome the problem associated with the admixture of particles by creating particles in situ with diameters in the sub-lm range [12] . TiB 2 particles have already been found to be good foam stabilisers when applying the so-called Alporas foaming process, i.e. foaming by adding the blowing agent TiH 2 [13] [14] [15] , where only 2 vol% of TiB 2 are sufficient for foaming. However, this material was hitherto never successfully used for foaming using gas injection and it is a priori not clear whether this is possible. Melts are sometimes easier to foam by gas release from blowing agents than by gas injection [16] , a phenomenon we wish to study here.
All results of the foaming tests obtained are eventually compared to a well-known foamable composite containing SiC particles to discuss its usability.
Experimental General set-up
We study various aluminium alloys containing different types and concentrations of stabilising particles as specified in ''Composite production'' section. All composites are produced in an openatmosphere resistance furnace and are molten in alumina crucibles. As a reference material, the wellknown foamable composite F3S20S produced by Alcan, Montreal, Canada is used. This material contains 20 vol% SiC particles (p), mean particle diameter 10 lm, embedded in a AlSi9Mg0.6 matrix (called AlSi9Mg0.6/SiC/20p). Here, all compositions of the metallic components are given in wt%, those of the particles in vol%. All chemicals and reactants used in the following are from Sigma Aldrich, St. Louis, USA.
For foaming, all composites are remelted in a furnace and processed into foam by air injection. Two different cannulas (from Robert Helwig GmbH, Berlin, Germany) with a conical tip made of stainless steel with an outlet of 500 or 200 lm outer (d o ) and 200 or 90 lm inner diameter (d i ), respectively, are used, thus ensuring small bubble sizes [17] . A detailed description of the set-up and procedure can be found elsewhere [3] . The temperature of the melt (680°C) and the overpressure in the cannulas (300 mbar) are kept constant. All foaming experiments are monitored by in situ X-ray radioscopy. The system consists of a microfocus X-ray source from Hamamatsu Photonics, Hamamatsu City, Japan, with 5 lm spot size operated at 100 kV and 100 lA and a panel detector with 50 lm pixel size, also from Hamamatsu. 4 9 4 pixel binning is applied to increase time resolution to 5 fps, i.e. 200 ms image repetition time [18] . Images are subsequently processed using the software ''ImageJ''.
In Table 1 , all composites (#1-14) prepared inhouse are listed. They are compared to the commercially available standard composite AlSi9Mg0.6/SiC/ 20p (#0). The materials used for foaming via gas injection vary in particle concentration and production method, namely in situ synthesis (#1-3) or oxidation of the melt (#4-14, three different variants). In the following, a detailed description of composite production is presented.
Composite production
In a first step, composites based on Al99.5, AlSi9 and AlSi9Mg0.6 melts and containing 6 vol% TiB 2 particles (mean particle diameter is 0.5-3 lm) are prepared via a flux-assisted synthesis route using two reactant salts: KBF 4 and K 2 TiF 6 [19] . Exothermal reactions between the two components take place according to the following sequence (s = solid, l = liquid) [20] Knowing that the already mentioned ''Alporas'' process is suitable to produce stable foams from a liquid alloy, the same melt pre-treatments are applied to prepare precursors for the gas injection method: calcium particles of 0.2-3 mm mesh size are added into the stirring vortex of the melt at 700°C and are stirred thereafter for 10 min at 1000 rpm using a graphite impeller. Eventually, the melt is poured into a mould and solidified there [14] . Due to the high oxidation affinity of Ca, fine solid particles of CaO or CaAl 2 O 4 are formed during stirring in the presence of air and dispersed during mixing [14, 21] . Similarly, Al 2 O 3 and MgO can be created depending on the alloy used (Al-Si-Mg). As a matrix material, Al99.5, AlSi9, AlSi9Mg0.6 are used, see Table 1 , entries #4-6.
Mg additions are often found to improve foaming by supporting wetting of added powders and reactant salts [22] . Therefore, we restrict our study on AlSi9Mg0.6 alloys in the following experiments.
In additional experiments, reactive oxidants are used to form particles in situ and to prepare composites for foaming. (1) CuO or (2) SiO 2 (quartz) is used. In both cases, the oxidants are preheated at 300°C for 3 h to remove moisture and to support wetting by the molten alloy AlSi9Mg0.6. The oxidants are slowly immersed into the molten alloy held at 700°C through the vortex created by stirring at 1000 rpm [23] . As particle addition is still accompanied by poor wetting and entrainment of gas during stirring, subsequent degassing and particle homogenisation is performed applying ultrasonic vibrations generated by a device (DPC I series, #0 is the reference sample, #1-14 the composites studied here. The designations follow the usual scheme for metal matrix composites for #0-3, while for the other composites the reactant and its content are given instead of the particle formed in the reaction (therefore marked by an asterisk)
Dukane Corporation, St. Charles, USA), consisting of an ultrasound generator, a transducer and a titanium horn that transmits the vibrations into the melt [22, 24] . The generator operates at 1.7 kW power and a frequency of 20 kHz. The horn is dipped 5 mm deep into the melt and is kept there for 5 min until the equilibrium temperature has been reached, after which ultrasound is applied for 2 min. The conditioned melt is then held for either 1 or 10 h at 700°C. The oxidants used react with the melt in different ways [25] 1. For 1.25, 2.5 and 3.75 vol% CuO (particle size \10 lm) and the reference alloy AlSi9Mg0.6, the following reactions take place: All reactions can occur independently but in the presence of Al, Si and Mg, reaction (4) and the formation of MgAl 2 O 4 (spinel) is usually dominating [26] . Once the small amount of only 0.6 wt% Mg has been consumed, reaction (5) and the associated formation of Al 2 O 3 particles become predominant. Reaction (6) is mentioned for the sake of completeness but is not relevant at Mg concentrations \1 wt% at the given temperature [27] . Furthermore, all three reactions lead to an enrichment of the alloy in Cu. The assumed reactions are similar to those for CuO. The formation of MgAl 2 O 4 occurs first, reaction (7), followed by Reaction (8) after all Mg has been consumed. The MgO reacted in (9) is only metastable and eventually transforms to MgAl 2 O 4 , see Reaction (10) [26] . The details of all composites used are summarised in Table 1 , entries 7-9 (CuO) and 10-14 (SiO 2 ).
Reaction products, composition and morphology are analysed using light microscopy and a scanning electron microscope (SEM) GEMINI LEO 1530 (Zeiss, Oberkochen, Germany) equipped with an energy dispersive X-ray spectroscopy system (EDX, Thermo Fisher). A secondary electron detector perpendicular to the surface, called ''in-lens detector'', is used to distinguish between different particles due to its high Z-contrast sensitivity.
Evaluation of foamability
To discuss the ability of a material to be foamed via the liquid metal route, different terms related to its stability are defined: (1) Liquid foams that have a homogeneous structure and exhibit a narrow bubble size distribution, exhibit only little coalescence (\5 rupture events over 300 s in the given volume, corresponding to a rupture rate density of \6.25910
ruptures s -1 cm -3 ) as detected by X-ray radiography and form a foam column of [40 mm in height are called ''foamable''. (2) In other cases, films can rupture, which gives rise to a coarser pore size distribution especially at the top of the foam, and foam expansion is limited to B40 mm height by the weight of the foam. From such a material, one can still create foams of a certain height, which is why the material is called ''partially foamable''. (3) If ascending bubbles collapse immediately after reaching the surface of the melt, loose gas and form a characteristic disordered structure of deformed bubbles and dross that has been characterised as onion-shaped [16] , the composite will be called ''not foamable''. This is shown schematically in Fig. 1 .
To provide a quantitative value for foam quality for a partially stable foam, the quantity Q is defined:
where A foam is the projected area of the foam in its fully expanded state and A bubble the average bubble area determined by measuring the diameter of 10 typical bubbles by the line intersection method of X-ray radiographies, see Fig. 2a , b. Even though the measurement is done on the projection of a 3D object, different results can be compared because the procedure is always the same. A foam can be called more stable the higher the Q is, i.e. the more bubbles are present in a given foam volume at the maximum expansion stage. The (average) relative density of the foams q foam is calculated by measuring the average transmitted X-ray intensity I foam in the central area of the foam and relating it to the average transmitted intensity I bulk when the unfoamed melt is placed in the beam and applying Beer-Lambert's attenuation law:
where I 0 is the incoming beam intensity. The quantities occurring in Eqs. (11) and (12) are explained in Fig. 2 .
Results
SiC-reinforced composite (reference system, #0 in Table 1) AlSi9Mg0.6 with 20 vol% SiC particles (AlSi9Mg0.6/ SiC/20p) is known as a well-foamable precursor for the gas injection process [7] and shows excellent foaming behaviour under the present circumstances too, see Fig. 3 . The Plateau borders (the edge where three films meet) are densely covered by particles. All results for this and all following composites are summarised in Table 2 .
TiB 2 -reinforced composites (#1, 2, 3 in Table 1 )
By comparing foams made from different composites containing TiB 2 particles, see Fig. 4 , the importance of Mg becomes clear, as only AlSi9Mg0.6 reinforced with 6 vol% TiB 2 (#3) can be successfully foamed. Al/ TiB 2 /6p (#1) and AlSi9/TiB 2 /6p (#2) are found to be ''not foamable'' using any of the injectors (d o = 200 and 500 lm). The foam structure of AlSi9Mg0.6/ TiB 2 /6p (Fig. 4c) is similar to that of AlSi9Mg0.6/ SiC/20p (Fig. 3a, b) featuring uniform bubble sizes and no notable coalescence during and after foaming as can be confirmed by X-ray radiography (compare Fig. 4c, d ). Therefore, this composite is called ''foamable''. Microstructural analysis shows stable thick (lower part of foam) or thin (upper part of foam) Plateau borders and films, see Fig. 4a, b) , where TiB 2 particles (dark) are seen to be globally well distributed but tend to agglomerate locally on a smaller scale. This is confirmed by SEM images, in Composites prepared by Ca addition (#4, 5, 6 in Table 1) AlSi9Mg0.6/*Ca/1.5p (#6, asterisk indicates that Ca is the reactant, not the particle) develops a well-expanded foam structure after 15 s of gas injection, see X-ray radioscopy in Fig. 6a . However, if bubble injection continues for another 60 s, this structure cannot be expanded any further. Newly ascending bubbles are spherical and do not collapse immediately, but are not able to push the overlying bubbles upwards in order to further expand the foam. Instead, all bubbles above the black dashed line in Fig. 6b appear compressed, which indicates that they have lost gas. The liquid foam shrinks notably and is also too brittle to be further investigated after solidification. Therefore, the composite is classified ''partially foamable''.
Decreasing the injector diameter d o from 500 to 200 lm does not improve foamability. An increasing amount of Mg or Ca also does not improve Oxide and spinel-reinforced composites (#7-14 in Table 1) The alloy AlSi9Mg0.6 is blended with SiO 2 or CuO in various concentrations to produce Al 2 O 3 /MgAl 2 O 4 particles (#7-14). It is found that for both oxidants only ultrasonically pre-treated melts can be foamed, see Fig. 7 . If no pre-treatment is carried out, a layer of small bubbles caused by poorly wetted SiO 2 or CuO particles during mixing is formed and floats to the top of the melt, see inset in Fig. 7b . Bubbles reaching that top layer enriched in particles are hindered and eventually merge to a single big bubble. For the pretreated melts, foaming is only possible until a certain foam height has been reached, as from that stage on ascending bubbles cannot push the overlying foam upwards and bubbles on the top are compressed. This behaviour is similar to that of composite #6. However, even after 60 s of holding no coalescence is observed. For the composites made by SiO 2 and CuO addition to AlSi9Mg0.6 alloy, the minimum amount required to produce a partially stable foam is found to be 5 (#12) and 2.5 vol% (#8), respectively, see Fig. 7 . By increasing the amount of particles beyond this limit or by keeping melts for longer or shorter holding times, no significant improvement can be achieved, compare Table 2 .
In Fig. 8 , the influence of the dimensions of the injector orifice (d o = 500 or 200 lm) on the foaming behaviour of AlSi9Mg0.6/*CuO/3.75p (#9, CuO is the reactant) can be seen. It is found that a decrease in the cannula orifice size leads to a reduction of bubble size from 7.5 ± 1 to 3.2 ± 0.5 mm (average of 10 (#12-14) , the observations are similar, which is why they are not shown here.
In Fig. 9a , large agglomerates of CuO in the unfoamed precursor AlSi9Mg0.6/*CuO/2.5p not pretreated by ultrasound can be seen. In Fig. 9b , c, a cell wall in a foam made from the corresponding ultrasonically pre-treated composite is shown. Dark spots in Fig. 9c can be identified by SEM and EDX, see Fig 9d- h, respectively, as mainly MgAl 2 O 4 and AlMg-O metal transition phase (point 2 and 3) by calculating the Al/Mg ratio, which is equal to two for stoichiometric spinel (the oxygen composition given by EDX is not reliable) and [2 for Al-Mg-O transition phases [12] . The identity of MgAl 2 O 4 can also be confirmed by the typical octahedral crystallite morphology as found in Fig. 9e , point three. The size of individual spinel particles is 0.5-2 lm, but as such particles tend to agglomerate their effective size is increased to 2-5 lm, see Fig. 9e . Furthermore, Cu and CuAl 2 originating from the reactant CuO is still found everywhere.
For the reactant SiO 2 , the behaviour is similar. Figure 10a shows an almost unreacted SiO 2 particle found in the melt not conditioned by ultrasound. If ultrasound pre-treatment is performed, stable cell walls are obtained, see Fig. 10b , c. The nature of the suspected oxides (dark spots) in Fig. 10c is determined by EDX (Fig. 10f, g ) as being MgAl 2 O 4 and AlMg-O transition phase (point 1), see Fig. 10d , e. The size of the particles ranges from 1 to 2 lm, whereas their agglomerates combine to clusters of 5-10 lm size. Blocky areas (point 2) are remnants of SiO 2 or other Si-containing phases (Mg-Al-Si-O, Al-Mg-Si-O, etc.) in the base alloy. All values of the quantitative elemental analyses are listed in Table 3 .
Discussion
Comparison of foams obtained from composites containing different types of particles shows that the composite AlSi9Mg0.6/TiB 2 /6p (#3) allows one to obtain equally stable foams as the conventional composite AlSi9Mg0. 6 -3 ). If the TiB 2 particle fraction is reduced to below a level of 6 vol%, no or only partially stable foams are obtained. This coincides with studies on melts containing SiC particles, which are characterised by an analogous, although higher particle fraction too [5, 7, 11, 29, 30] . Fig. 9 Optical micrographs of a untreated bulk AlSi9Mg0.6/ *CuO/2.5p (#8) and b, c stable films in foams made from ultrasonically pre-treated composite (also shown in Fig. 6 ). Al matrix is white, Si dark grey, CuAl 2 reddish and reacted oxides black. d, e SEM images taken at different magnifications using an in-lens detector. Blocky areas in (d) are Si, and particles in (e) are oxides and oxidant remnants of various composition. f-h Corresponding EDX spectra are given below.
Furthermore, it is found that Mg in composite #3 is required for successful foaming as foams based on Al/TiB 2 /6p (#1) and AlSi9/TiB 2 /6p (#2) composites are not stable, see Fig. 4 . This behaviour can be attributed to the increased oxidation rate caused by Mg, which is required for stabilisation [31] . A supporting result was obtained by studying individual metallic films and foams containing SiC, where it was found that the thick immobile oxide skin required to stabilise both films and foams can only be formed if the alloy contains Mg [3] . The same mechanism can be assumed to be effective for TiB 2 foams as well. This interpretation implies that beside particles, the presence of both oxygen in the injected gas and Mg in the alloy is essential for foam stability and is therefore used in all further studies. This and the requirements discussed in the following that are necessary for obtaining stable foams by gas injection are schematically summarised in Fig. 11 .
Even though Mg is necessary to form a partially stable foam from the composite thickened by Ca addition, a too pronounced increase in Mg and Ca levels does not improve foamability because addition of [1 wt% Mg or [2 wt% Ca leads to very viscous melts due to the creation of a high fraction of oxides (results not shown). This then hinders bubbles to detach from the orifice, giving rise to big bubbles ([10 mm) and to poor foam. Our composites created by adding oxidants (SiO 2 and CuO) exhibit similar issues. Particles tend to agglomerate, attach to bubbles and form a top layer that appears dense in the X-ray images, see Fig. 7b , and might be rather viscous. Only very big bubbles are created and no foam expansion is possible if no pre-treatment is performed. Only after conditioning the melt by ultrasonic pre-treatment, this blocking top layer vanishes, particles are distributed more homogenously and partially stable foams are created. However, none of Blocky areas in (d) are Si, and particles in (e) are oxides and oxidant remnants of various composition. f, g Corresponding EDX spectra are given below. All elemental values are given in wt% the melts containing such oxides are well foamable. Only a maximum foam height \40 mm is achieved, after which further expansion is hindered after newly arriving bubbles compress the existing foam and gas is lost. One reason for this might be that small particles (0.5-2 lm) created in situ still agglomerate too severely and are not as effective as if they were homogenously distributed within the foam [5, 11, 32] . Therefore, thin cell walls are only formed locally due to the inhomogeneous particle distribution and ruptures and gas loss occurs. Particle agglomeration also reduces the concentration of particles that are effective in stabilising the foam and reduces it to below the necessary minimum [5, 7, 29] . Therefore, a proper distribution of particles approaching the sub-lm scale is a prerequisite to create ''good'' foams. A general definition of a ''good'' foam is not available, but Eq. (11) at least allows for a first classification of foams, i.e. of foamability. In this respect, the bubble size also plays a decisive role. As Fig. 8 shows, the number of bubble layers inside a liquid foam can be increased by a factor of two if the bubble size is halved, see also value Q in Table 2 . Thus, one can state that it is favourable to create smaller bubbles if one is aiming at producing ''good'' foams. A similar conclusion was already drawn for individual aluminium films representing foam cell walls [33] .
It can be stated that in situ created particles are potential alternatives to known composites containing, e.g. SiC or Al 2 O 3 particles that are added to a melt. In particular, TiB 2 -containing composites are found to be very well foamable by gas injection, which has previously been verified only for foam blown by TiH 2 addition. Even a smaller minimum particle fraction (6 vol%) is required as for commonly used particles (*10 vol% for SiC) [2, 7, 29] . To further reduce the necessary particle fraction, small sub-lm sized particles such as Al 2 O 3 and MgAl 2 O 4 are generated by adding oxidants and promising results are achieved. As such foams are more likely to be stable when they contain small bubbles; see Fig. 8 , the way to further reduce the particle fraction, reduce costs and facilitate secondary operations and mechanical properties is to simultaneously work on the bubble injection mechanism to reduce bubble size in conjunction with the particle generation method.
This study again shows that the way gas is created in a melt can have a pronounced influence on foam quality. Composites #4-6 (made by adding Ca metal and oxidising after) can be used to create very uniform foams (so-called Alporas foams) by admixing TiH 2 powder but not by injecting gas (see also Ref. [16] ). In contrast, TiB 2 -containing composites can be foamed in both ways. This could possibly be due to the morphology of the stabilising particles. In composites #4-6, these particles have complex shapes and often come as very thin but elongated oxide (bi)films [8] , whereas TiB 2 particles are more compact and near-spherical. Injecting gas through a single injection point requires that stabilising particles can rearrange and adhere to the surface of the injected gas bubble that starts rising after detachment from the cannula. Moreover, the rising bubble has to move freely to an empty space between other bubbles. This can cause more problems in melts containing oxide filaments than in melts in which compact particles are embedded. In the former, bubble might be insufficiently stabilised or get caught in unfavourable positions where its potential energy is not minimal. In contrast, a multitude of blowing agent particles creates many bubbles simultaneously in the entire melt volume. The bubbles do not have to travel a long Fig. 11 Summary of requirements determining whether a metal-particle composite can be converted to a stable foam by gas injection. A schematic cross section of a film in a liquid foam and the arrangement of particles within is shown.
distance, and rearrangement of stabilising particles is required just locally around a growing but stationary bubble. Thus, this kind of gas generation leads to stable foams in some composites that are not susceptible to foaming by gas injection.
Conclusions
Aluminium alloy foams are produced by gas injection into various melts containing different types of in situ created particles. Foams blown from melts containing TiB 2 particles are found to be as stable as foams formed from the well-known composite incorporating SiC particles (foam heights[40 mm are achieved). Aluminium alloy melts conditioned by adding Ca, SiO 2 and CuO to create oxide particles in situ can also be foamed but are only partially stable at the present stage of development, with maximum achievable heights below 40 mm. An ultrasonic pre-treatment that degasses a melt and distributes the particles is mandatory in this case. Having Mg as an alloying element is found to be a prerequisite for stabilisation in all cases.
In summary, it is found that small and well-distributed particles created in the melt in combination with reasonably small bubbles (\4 mm) are a way to reduce the necessary particle fraction. For TiB 2 (1-3 lm particle size), the particle fraction can be reduced to 6 vol% compared to the C10 vol% required for SiC particles (10 lm diameter) if the foams are made under the same conditions. Such a reduction might directly affect production costs, facilitate secondary operations and improve mechanical properties of aluminium alloy foams created by gas injection.
